INTRODUCTION
In cancer cells, dysregulated proliferation often occurs through the increased abundance, posttranslational modification, or mutation of signaling proteins. RAS is a membrane-associated small guanosine triphosphatase (GTPase) that functions as a signaling mediator of receptor and nonreceptor tyrosine kinases, activating cytoplasmic and nuclear effector pathways. Oncogenic activating mutations in RAS are implicated in about 30% of all cancers. Mutations in the KRAS gene are common in non-small cell lung cancer, colorectal cancer, and pancreatic cancer. About 15 to 25% of patients with lung adenocarcinoma exhibit tumor-associated KRAS mutations (1) . Uncontrolled cell proliferation as a result of RAS mutations is attributed to a cascade of signaling kinases known as the mitogen-activated protein kinase (MAPK) pathway. The MAPK pathway includes RAF, mitogen and extracellular signal-regulated kinase (MEK), and extracellular signal-regulated kinase (ERK). Through a series of protein phosphorylation events, the MAPK pathway promotes the activities of several transcription factors, including c-Myc, CREB (adenosine 3′,5′-monophosphate response element-binding protein), and c-Fos. This activation leads to the altered transcription of genes that are involved in cell cycle progression. Beyond this, the molecular details of a link between the MAPK cascade and the cell cycle machinery are thus far only partially understood. For example, MEK and ERK-key components of MAPK signaling-have a role in M phase progression (2) , but the precise molecular mechanisms through which they function in this process are not yet clear.
The protein FADD (Fas-associated death domain) is an adaptor protein that is best known for its role in extrinsic apoptosis. However, depending on its subcellular localization (which is regulated by phosphorylation), FADD can have different roles. In the cytoplasm, its main function is to induce apoptosis, whereas in the nucleus, it can have the opposite effect and instead promote cell survival and proliferation (3, 4) . Increased abundance of FADD-specifically that of the phosphorylated, nuclear-localized form-correlates with aggressive disease and poor clinical outcome in patients with lung adenocarcinoma or head and neck cancers (5) (6) (7) (8) (9) (10) . In addition, amplification of the FADD locus on chromosome 11q13.3 is frequently observed in human cancers, resulting in increased FADD abundance, poor prognosis (6) (7) (8) (9) , and correlation with overabundant CCND1 and CCNB1, genes that encode proteins involved in the regulation of cell cycle progression (5, 11) . Human cells lacking FADD exhibit defects in cell cycle progression (5, 12) . In mice, loss of Fadd or expression of a dominantnegative Fadd mutant in peripheral T lymphocytes inhibits mitogen-induced T cell proliferation (12) (13) (14) . FADD is phosphorylated at Ser 194 (Ser 191 in mouse cells) during the G 2 /M phase by casein kinase 1a (CK1a), which directly interacts with FADD in early mitosis (15) . Using conditional mouse models, we investigated the upstream signaling events and their significance in mutant Kras-mediated lung oncogenesis.
Rosa26
LSL-Luciferase mice (18) . The resulting mouse (Kras
LSL-G12D
; Luc; Fadd −/− ) is herein referred to as KF Luc mice. Intranasal inhalation of an adenovirus expressing Cre recombinase (AdCre) enabled the simultaneous activation of oncogenic Kras (to initiate tumorigenesis), expression of luciferase (to measure proliferation), and deletion of the Fadd transgene specifically in lung cells (Fig. 1A) Upon AdCre delivery, bioluminescence imaging was performed to monitor tumor growth at indicated time points (Fig. 1, A to C) . A time-dependent increase in bioluminescence activity was observed at week 7 in K Luc mice compared with Luc mice (Fig. 1C) . In contrast to K Luc mice, we observed minimal or no changes in bioluminescence activity over time in KF Luc or F Luc mice (Fig. 1, B and C) . Anatomic visualization of tumor burden in mice was also carried out using microcomputed tomography (mCT). Lesions were identified in K Luc animals, but less so in their KF Luc littermates, whereas no lung lesions were detectable in mice with wild-type Kras (Luc or F Luc mice) (Fig. 1D) . Consistent with these bioluminescence measurements, quantitative analysis of mCT images yielded volumetric measure of the tumor and vascular component (19) that also revealed an increase in the tumor burden at weeks 13 and 16 in K Luc mice compared with KF Luc mice (Fig. 1E) . Using a multimodality reader that allows for simultaneous acquisition of spatially aligned bioluminescence and mCT, we found that the x-ray-dense lesions were also positive for bioluminescence (Fig. 1F ). Histological analysis of single lesions in K Luc mice pathologically confirmed a hyperproliferative phenotype (Fig. 1F, inset) . In agreement with these measurements of tumor burden, we observed prolonged survival in KF Luc mice compared to K Luc littermates (Fig. 1G ).
Fadd-null lung tumors are less proliferative
To confirm our imaging results, we performed H&E staining analysis of lung tissue from the aforementioned animals. Lung tissue from control Luc or F Luc animals appeared normal with no detectable hyperplasia ( Fig. 2A) . In contrast, lungs from K Luc mice 18 weeks after AdCre administration exhibited large adenomas (papillary, solid, and mixed), large mixed-type adenomas (solid and papillary) within lung parenchyma, and atypical adenomatous hyperplasia in the alveoli ( Fig. 2A) . Histopathology analysis of the H&E stain indicated that tumors from K Luc mice had a greater macrophage and inflammatory infiltrate than did those from KF Luc mice ( Fig. 2A) . In contrast, analysis of lung sections from KF Luc mice revealed demonstrably smaller and fewer adenomas (Fig. 2, A and B) .
To assess proliferation, we performed immunohistochemistry for proliferation markers in lung tissue and tumors from these mice. Compared with lung tissue from KF Luc mice, tumors from K Luc mice had significantly increased abundance of the proliferation marker Ki-67 (Fig. 2C) , the G 1 /S phase transition protein cyclin D1 (Fig. 2, A and D) , and the phosphorylated retinoblastoma (RB) protein (Fig. 2D) , which together suggests that Fadd deletion suppresses cell proliferation in Kras mutant cells. We also observed increased FADD abundance in lung tissue from K Luc mice compared with lung tissue from Luc or KF Luc mice (Fig. 2, A and D) . High magnification of immunohistochemistry sections revealed that FADD was predominantly nuclear (Fig. 2A) . Increased abundance of phosphorylated FADD [evident by the doublet of FADD antibody-reactive protein at 28 kD (5, (20) (21) (22) (23) ] was observed in tissues from mice with mutant Kras (K Luc mice), whereas only a single band was observed in lung tissue from control Luc mice (Fig. 2D ). This finding suggests that mutant KRAS promotes the phosphorylation and nuclear translocation of FADD.
In addition to cyclin D1 and phosphorylated RB, an additional marker of proliferation, cyclin B1, was increased in tumors from K Luc mice compared with controls; however, cyclin B1 abundance was similar to controls in tumors from KF Luc mice (Fig. 2D) , suggesting that FADD was required to mediate the induction of cell cycle-associated proteins downstream of mutant KRAS. A loss of Fadd expression resulted in decreased abundance of phosphorylated ERK1/2, a downstream mediator of oncogenic KRAS signaling (Fig. 2D and fig. S1A ). FADD is an established adaptor of caspase-dependent apoptosis; however, we did not detect activated (cleaved) caspase 3 in either K Luc or KF Luc lung lesions ( fig. S1B ), suggesting that the decreased tumor growth in those lacking FADD was not likely the result of apoptotic cell death, consistent with the distinct, non-apoptotic role of nuclear FADD.
On the basis of previous experience with conditional mouse models, we hypothesized that tumors arising in KF Luc animals may be due to persistent FADD abundance because of inefficient Cre recombination of the Fadd transgene. To test this, we analyzed the expression of the Fadd transgene using semiquantitative polymerase chain reaction (PCR) of lung tumors isolated from K Luc and KF Luc mice. Although reduced compared to that in control tissue, the Fadd transgene was still present in all samples tested ( fig. S2A ). Persistent expression of the Fadd transgene in KF Luc tumors was also observed by Western blotting and immunohistochemistry ( Fig. 2D and fig. S2 , B and C). Together, these findings suggest that the development of tumors in the KF Luc mice was due to sustained FADD abundance in KRAS-activated lung cells.
FADD and FADD phosphorylation are required for Kras-driven cell proliferation Increased abundance of FADD mRNA correlates with poor survival in lung cancer patients (5) . We performed transcriptome analysis of published patient data using Oncomine and found that a greater abundance of FADD mRNAwas observed in tumors that had mutant KRAS than in those that had wild-type KRAS (5, 24, 25) ( fig. S3, A and B) . We next investigated whether KRAS signaling affected the phosphorylation of FADD in mouse embryonic fibroblasts (MEFs) derived from the mouse models. F Luc -derived MEFs, which had wild-type Kras, failed to proliferate in culture because of cell cycle arrest, as previously demonstrated (16) . Western blotting analysis for FADD in lysates from Luc MEFs revealed a single predominant band at 28 kD, whereas those from K Luc MEFs exhibited a doublet, indicative of the phosphorylated form of FADD (Fig. 3A ) (5, (20) (21) (22) (23) . As expected, we could not detect endogenous FADD in lysates from KF Luc cells. Consistent with our previous finding for a role of FADD in proliferation, we observed increased abundance of cyclin D1 in MEFs from K Luc mice compared to those from KF Luc mice (Fig. 3A) . K Luc MEFs exhibited a higher rate of proliferation compared to KF Luc and Luc MEFs (Fig. 3B ). This finding was in agreement with previous work, wherein decreased proliferation was observed in Fadd −/− MEFs compared with Fadd +/− MEFs (16, 23, 26) . Reconstitution of Fadd expression in KF Luc cells restored cell proliferation (Fig. 3B ). To evaluate a requirement for CK1a, the kinase that phosphorylates FADD (14, 27, 28), we treated K Luc cells with a CK1a inhibitor, CKI-7. We observed a marked decrease in the proliferative ability of CKI-7-treated K Luc cells, whereas that of CKI-7-treated KF Luc or Luc cells was not substantially affected ( Fig. 3C ). Because increased abundance of phosphorylated FADD was observed in K Luc cells relative to Luc cells, we hypothesized that MEK and ERK-key effectors of the RAS signaling pathway-may be upstream mediators of FADD phosphorylation. Lonafarnib, which inhibits the farnesylation (and thus cell membrane targeting and function) of Kras (29), as well as the MEK inhibitor PD0325901 (30) inhibited cell proliferation and the phosphorylation of FADD (Fig. 3 , C and F). In soft agar colony formation assays, KF Luc MEFs formed 70% fewer colonies than did K Luc MEFs (Fig. 3D ). Exogenous Fadd expression in KF Luc cells restored the cells' capacity to form colonies, confirming a requirement for FADD in proliferation (Fig. 3D) . K Luc cells treated with CKI-7, PD0325901, or lonafarnib also reduced colony-forming activity relative to untreated cells (Fig. 3D) .
Examination of the cell cycle distribution revealed that compared to K Luc cells, a greater fraction of KF Luc cells were observed in the G 2 /M phase ( Fig. 3E) , and reconstitution of Fadd restored normal cell cycle distribution (Fig. 3E ). Treating K Luc cells with CKI-7 caused the distribution of cells to shift toward G 2 /M, similar to untreated KF Luc (Fadd-deficient) cells, whereas treating K Luc cells with PD0325901 or lonafarnib caused the distribution to shift toward G 1 (Fig. 3E ). CKI-7-treated K Luc cells showed a marked decrease in the abundance of cyclin D1 and phosphorylated RB and an increase in that of phosphorylated CDC2 (cell division cycle 2) ( of cyclin D1, phosphorylated RB, and phosphorylated FADD (Fig. 3F) . Together, these data suggest that, upon constutive KRAS activation, FADD is phosphorylated in a MEK-and CK1a-dependent manner and that this signaling pathway is required for progression of cells through G 2 /M.
FADD interacts with key mediators of the G 2 /M transition
To study the phosphorylation of FADD as cells transit G 2 /M, H1975 human lung cancer cells were synchronized by a double thymidine block. Phosphorylation of FADD was prominent 8 hours after cells were released from this treatment, which coincided with a peak in the abundance of cyclin B1 and AURKA (Aurora kinase A), but was preceded by an increase in PLK1 (Polo-like kinase 1) abundance (Fig. 4A) , events that mark the transition of cells from G 2 into M phase (31, 32) .
We next conducted an interactome study using Halotagged FADD in human embryonic kidney (HEK) 293T cells. Mass spectrometry analysis of coprecipitating polypeptides (data file S1) revealed the interaction of FADD with CK1a as well as several proteins involved in the cell cycle, including PLK1, CDC20, and AURKB (Aurora kinase B) ( Table 1) . To evaluate whether the interaction of FADD with these proteins was specific for G 2 /M, A549 lung cancer cells were treated with hydroxyurea to induce a G 1 /S arrest, or with nocodozole to induce a G 2 /M arrest. Immunoprecipitation analysis of these cells revealed an interaction of FADD with PLK1 predominantly in G 2 /M (Fig. 4B ). Because PLK1, AURKB, and CDC20 interact with BUB1 (budding uninhibited by benzimidazoles 1, a regulator of the spindle assembly checkpoint) during G 2 /M (33-35), we investigated whether BUB1 also interacted with FADD. Indeed, a greater amount of BUB1 and AURKA interacted with FADD in G 2 /M-arrested than in G 1 /S-arrested or asynchronous cells. Inhibition of CK1a using CKI-7 decreased the interaction of FADD with AURKA and PLK1 (Fig. 4 , B and C). Functional annotation analysis of the interactome using DAVID (Database for Annotation, Visualization and Integrated Discovery) (fig. S4, A and B) (36, 37) also identified other FADD-interacting nodes, including proteins involved in cell death, a pathway in which FADD was originally studied in (20) .
CK1a is required in Kras-driven lung cancer
To investigate whether CK1a is required for Kras-driven lung oncogenesis, a mouse model was generated wherein the genomic locus of the gene encoding CK1a could be conditionally deleted in the presence of mutant Kras expression (Csnk1a fl/fl mice) (38 Fig. 5A ). Littermates with wild-type Kras in the presence (Luc) or absence of Csnk1a1 (C Luc ) were used as controls (Fig. 5A) . Bioluminescence imaging revealed a robust increase in tumor burden in K Luc mice compared to Luc mice (Fig. 5B ), as shown above (Fig. 1, B and C) , whereas no increase in bioluminescence was observed over time in KC Luc and C Luc mice, confirmed by mCT (Fig. 5 , C and D), suggesting that Csnk1a1 knockout suppressed tumorigenesis. Histological analysis of lung sections from the KC Luc mice at week 18 demonstrated minimal hyperplasia and a rare adenoma compared to K Luc mice (Fig. 5E and fig. S5A ). Lesions present in KC Luc mice still showed some positive staining for CK1a, suggesting that Cre-mediated recombination 
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PD03-25901
KF Luc of Csnk1a1 was incomplete ( fig. S5A ). Both Luc and C Luc mice showed healthy lung tissue, as expected. Compared with tumors from KC Luc , C Luc , and Luc mice, K Luc lung tumors had increased abundance of FADD, which was also often nuclear-localized (Fig. 5E ).
We confirmed that ablation of Csnk1a1 resulted in decreased phosphorylation of FADD by isolating and treating MEFs from KC Luc mice with increasing titers of AdCre (Fig. 5F ). Because CK1a is also known to play a role in p53 signaling by phosphorylating MDM2 (mouse double minute 2) and MDMX (mouse double minute X), as well as in Wnt signaling by phosphorylating b-catenin (39-41), we next asked whether the ablation of Csnk1a1 in our KC Luc MEFs stimulated these signaling pathways. The abundance of p53 and that of phosphorylated MDM2 were unchanged in KC Luc MEFs compared to K Luc MEFs (Fig. 5, G and H) . Similarly, the amount of b-catenin was unchanged, although phosphorylated b-catenin (Ser 45 ) levels were lower (Fig. 5H) .
DISCUSSION
The constitutive activation of KRAS, through either dysregulated epidermal growth factor receptor (EGFR) signaling or mutations in KRAS, leads to enhanced proliferation through the RAS-MEK-ERK signaling axis. Mutually exclusive to this, genomic amplification and/or overexpression of EGFR is also commonly found in patients with lung cancer (1). Erlotinib and gefitinib, small-molecule kinase inhibitors targeting the EGFR, have shown significant efficacy but in a limited set of patients. In addition, development of drug resistance due to mutations of EGFR and compensatory signaling through alternate receptor tyrosine kinases has limited the broad applicability of these therapies. Recent progress in targeting KRAS G12C is encouraging (42), but KRAS inhibitors are currently not clinically available. Efforts to target downstream effectors of KRAS, including MEK, are in development; however, preliminary evidence indicates that these may not be effective as monotherapies (43) 
(B and C) Western blotting (WB) after FADD immunoprecipitation (IP) from A549 cells (B) and quantification of the BUB1-FADD interaction (C).
Cells were asynchronous (AS) or treated with CKI-7, nocodozole (G 2 /M), or hydroxyurea (G 1 /S). BUB1 abundance was normalized to that in asynchronous cells. Data are means ± SEM from three independent experiments. *P = 0.005, unpaired Student's t test. Table 1 . FADD interacts with proteins involved in the G 2 /M transition. The top cell cycle-related proteins that were pulled down with Halo-tagged FADD in HEK293T cells. The cutoff that determined FADD-interacting proteins was a spectral count (SpC) of 5 or greater and a control SpC of 0. NSAF, normalized spectral abundance factor.
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The studies presented here demonstrate that phosphorylation of FADD by CK1a represents a key signaling event in KRAS-mediated mitogenic signaling. Using genetically engineered conditional mouse models, we found that the ablation of Fadd or Csnk1a1 resulted in decreased proliferation and oncogenic potential of mutant Kras cells in the lung. Expression of mutant Kras resulted in an increase in FADD protein, as well as its phosphorylated form in tumor tissue and in MEFs derived from these animals. Inhibition of KRAS, MEK [also reported previously (44) ], or CK1a decreased the phosphorylation of FADD, which further affirmed our finding that phosphorylation of FADD represents an important signaling event downstream of the KRAS-MEK-ERK pathway.
Previous findings demonstrate a role for FADD, specifically its phosphorylated form, in the proliferation of T cells (12, 14, 16, 22) . This complements our findings that FADD and its phosphorylation are required for Kras-mediated cell pro- Previous studies showed that the conditional deletion of Csnk1a1 in the intestine results in Wnt pathway activation, as does concurrent deletion of p53, which contributes to the development of invasive carcinomas (38) . Our analysis of MEFs derived from KC Luc or C Luc mice did not reveal dysregulated Wnt signaling. This discrepancy could be explained by the cellular context (intestinal tissue compared to lung tissue or MEFs), because the Wnt pathway has been primarily associated with colon cancer and lung metastasis (24, 47) .
In summary, using a murine model of lung cancer, we demonstrate a requirement for FADD in Kras-mediated tumorigenesis and that phosphorylation of FADD by CK1a is required for mitogenic activity of the KRAS-MEK-ERK signaling pathway. Upon phosphorylation, FADD is translocated to the nucleus (5, 6, 16, 22, 26) , wherein it is required for G 2 /M progression through its interaction with PLK1, AURKA, CDC20, and BUB1 (Fig. 6 ). Our finding of increase in FADD mRNA expression in patients with mutant KRAS emphasizes the significance of the signaling pathway in KRAS-mediated oncogenesis. We propose that CK1a may be an attractive downstream target for inhibition of oncogenic signaling in EGFR-and mutant KRAS-driven tumors.
MATERIALS AND METHODS
Mice
All animal protocols were approved by the University of Michigan University Committee on Use and Care of Animals. All mouse work was performed in accordance with the University of Michigan protocol P00004781. Animals were housed in specific pathogen-free facilities of 
Genotyping and PCR
Mice were genotyped using tail DNA. For the genotyping of mutant Kras
LSL-G12D
, wild-type Kras, and Cre-recombined Kras
, three primers were used: 5′-GTCTTTCCCCAGCACAGTGC, 5′-CTCTT-GCCTACGCCACCAGCT, and 5′-AGCTAGCCACCATGGCTTGA-GTAAGTCTGCA. For Rosa26 LSL-Luciferase , the primers used were 5′-CGTGATCTGCAACTCCAGTC and 5′-GGAGCGGGAGAAATG-GATATG. For the Fadd wild-type allele, the following primers were used: 5′-TGCGCCGACACGATCTACTG and 5′-TGTCAGGGTGTTT-CTGAGGA. For the Fadd knockout neo cassette, the primers were 5′-CGCTCGGTGTTCGAGGCCACACGC and 5′-ACTGTAGTGCC-CAGCAGAGACCAGC. For the Fadd transgene (Fadd:GFP), primers were 5′-GTTGTCTTCGAAGTGCTCAGGC and 5′-GAACTTGTGGCC-GTTTACGTC. For the genotyping of wild-type and Csnk1a1 fl/fl mice, the following primers were used: 5′-TCCACAGTTAACCGTAATCGT and 5′-AACTGCAAATGAAAGCCCTG. The Fadd:GFP primers were used for semiquantitative PCR to determine Cre recombination efficiency. A 10-ng template was used, and the PCR was run for 25 cycles.
Induction of lung cancer
Lung tumors were initiated by intranasal inhalation of 3 × 10 7 PFU of AdCre in 6-to 8-week-old mice (48) .
Bioluminescent imaging
Mice were imaged at 7, 13, 18, and 22 weeks after intranasal inhalation of AdCre. Imaging was performed on an IVIS Spectrum from PerkinElmer. Mice were injected with D-luciferin (150 mg/kg, Promega) solution in phosphate-buffered saline (PBS) and anesthetized with 1 to 2% isoflurane/ air while imaged. Serial images were acquired at 30-s to 2-min intervals for up to 20 min after injection to capture the peak luminescence. Regions of interest were drawn around each lung, and a highest photon emission value for each image was used for analysis.
Microcomputed tomography
mCT imaging was performed at 13 and 16 or 18 weeks after intranasal administration of AdCre using a Siemens Inveon System with the following parameters: 80 kilovolt peaks (kVp), 500 mA, 400-ms exposure, 360 projections over 360°, and 49.2-mm field of view (56-mm voxel size). Quantitative analysis was performed on automatically segmented lung volumes as the sum of lung, tumor, and vascular tissues. After image calibration to Hounsfield units (HU) using air and a water phantom, segmentation of the lungs was accomplished using a connected threshold algorithm developed in-house (MATLAB) with a threshold of −200 HU. This volume was subtracted from the total chest volume to approximate the tumor plus vascular volume. An assumption with this analysis is that vasculature should be similar between all subjects, with changes in this volume indicative of tumor volume changes (19) .
Combined bioluminescence and CT imaging
CT and bioluminescence imaging was performed to demonstrate colocalization of luminescence with CT-determined lung lesions at 22 weeks after administration of AdCre using an IVIS Spectrum CT from PerkinElmer. Mice were injected and anesthetized as above for bioluminescent imaging and imaged at 1-min intervals. The following parameters for CT imaging were used: 50 kVp, 1 mA, 720 projections over 360°, and 12-cm field of view (150-mm voxel size).
Histology
Animals were euthanized, and the lung was perfused with PBS through the heart. The lung was removed and fixed in formalin for 24 hours. Samples were embedded in paraffin and sliced into 5-mm sections. Samples were stained with H&E Y. Briefly, samples were hydrated in a sequence of xylene, 100% EtOH, 95% EtOH, and then water. Samples were then stained in Gill hematoxylin and washed in tap water. Samples were immersed in 95% EtOH and then stained with acidic eosin Y. All antibodies were used at a dilution of 1:200, biotinylated rabbit or biotinylated goat secondary antibodies were used in conjunction with the Vector systems Vectastain ABC and DAB (3,3′-diaminobenzidine) HRP (horseradish peroxidase) for visualization, and Alexa 488-conjugated chicken immunoglobulin G (IgG) was used for immunofluorescence.
Antibodies and reagents
Rabbit polyclonal antibodies to GFP, phosphorylated ERK1/2, phosphorylated RB, ERK1/2, cyclin D1, phosphorylated FADD at Ser 194 , AURKA, phosphorylated b-catenin, b-catenin, phosphorylated MDM2, and PLK1 were purchased from Cell Signaling Technology. The antibody for human FADD was obtained from BD Biosciences. Antibodies against cyclin B1, CK1a, MDM2, and p53 were purchased from Santa Cruz Biotechnology. The antibody against mouse FADD used for Western blotting was initially purchased from Epitomics (catalog no. 3523-1) and then from Abcam (catalog no. ab124812). Antibodies for BUB1, b-actin, mouse FADD (catalog no. ab24533), and GFP were from Abcam. Ki-67 antibody was obtained from Vector Laboratories. CKI-7 was from Sigma. PD0325901 was purchased from Selleck, and lonafarnib was bought from Cayman Chemical. AlamarBlue was purchased from Invitrogen. Luciferin was obtained from Promega. AdCre was bought from the University of Michigan Vector Core.
Tissue isolation and Western blotting
Animals were euthanized with CO 2 . Tumors were harvested and snapfrozen in liquid nitrogen. Tumor samples were manually homogenized in radioimmunoprecipitation assay buffer (Invitrogen) with protease inhibitor (Complete, Roche), PhosSTOP (Roche), and PMSF (phenylmethylsulfonyl fluoride) (Sigma). Lysates were centrifuged at 4°C for 30 min at 16,000g, and the supernatant was collected for analysis. Cells from culture dishes were collected in cold 1× PBS and centrifuged at 1800g for 5 min at 4°C. The cell pellet was washed with cold PBS and then lysed with the same buffer as above. Cells in lysis buffer were incubated in ice for 30 min. The lysates were then cleared by centrifugation at 16,000g for 15 min. The collected supernatants were estimated for protein content by Lowry assay (Bio-Rad). Lysates with equal amounts of protein were resolved by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and protein abundance was detected by Western blot analysis using the appropriate primary and secondary antibodies. Specific signals were visualized by using ECL Clarity Western detection system by Bio-Rad.
Cell culture and MEF isolation A549 (lung epithelial carcinoma), NCI H1975 (lung epithelial adenocarcinoma), and HEK293T cells were purchased from the American Type Culture Collection. A549 and H1975 cell lines were cultured in RPMI 1640 (Invitrogen) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (pen/strep), and glutamine (Invitrogen). HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) and supplemented with 10% FBS, pen/strep, and glutamine. MEFs were isolated from E13-14 embryos from one pregnant mouse. Briefly, embryos were placed in ice-cold PBS, and the placenta and visceral tissue were removed. Embryos were then minced in trypsin and incubated at 37°C. The minced embryos were then further disrupted by vigorous pipetting, plated with DMEM supplemented with 10% FBS, pen/strep, glutamine, and nonessential amino acids (Invitrogen), and cultured at 37°C with 5% CO 2 . MEFs were subjected to AdCre (1 × 10 8 PFU) and were FAC-sorted for GFP-negative cells 24 to 48 hours later.
Analysis of cell proliferation, soft agar colony formation, and cell cycle
To assess cell proliferation, 3 × 10 3 MEFs were plated per well in a 96-well dish in DMEM supplemented with 10% FBS, pen/strep, glutamine, and 1% nonessential amino acids. Five hours after plating, 250 mM CKI-7, 10 mM lonafarnib, or 200 nM PD0325901 were added to designated wells. Twentyfour hours after adding CKI-7, lonafarnib, or PD0325901, 10 ml of AlamarBlue was added to the first set of wells. Fluorescence was measured an hour later on a PerkinElmer EnVision plate reader. This was repeated at 48, 72, and 96 hours after addition of inhibitors. For the soft agar assay, 2 × 10 4 MEFs were plated in 0.3% agarose DMEM complete, with 20% FBS, on top of 0.7% agar supplemented with DMEM. Medium was added to the cells twice a week for 2 weeks. Crystal violet (0.005%) was added to the cells, and colonies were counted 24 hours later using a dissecting microscope and ImageJ. For cell cycle analysis, MEFs were plated in supplemented DMEM as described above. Twenty-four hours later, 250 mM CKI-7, 10 mM lonafarnib, or 200 nM PD0325901 was added. Twenty-four hours after adding the inhibitors, cells were trypsinized and resuspended with PBS. Cells were then fixed with 100% ice-cold ethanol for 20 min, then centrifuged, and resuspended in a propidium iodide and RNAse Type I-A solution (final concentration of 50 and 100 mg/ml, respectively, in PBS). Cells were incubated at room temperature for 20 min and then overnight at 4°C in the dark. Cells were analyzed as described above using a FACSAria III machine and with the FlowJo software.
Synchronization with thymidine and coimmunoprecipitation
To detect the cell cycle-dependent endogenous association between FADD and other cell cycle-related proteins, NCI H1975 cells were synchronized using a double thymidine block. Cells were incubated with 4 mM thymidine (Sigma) for 16 hours, released into fresh medium for 9 hours, followed by 16 hours of thymidine incubation, and then released into fresh medium. Cells were harvested at the indicated time points. Synchronized cells were harvested in lysis buffer [50 mM tris-HCl (pH 7.5), 150 mM NaCl, 10% glycerol, 1 mM EDTA, and 1% NP-40] supplemented with protease and phosphatase inhibitors. Protein concentration was determined by Bio-Rad Protein Assay (Bio-Rad). Immunoprecipitation was carried out by incubating cell lysates with antibodies against human FADD or normal mouse IgG for 2 hours at 4°C. Antibody-protein complexes were captured with protein A or G Sepharose (GE Healthcare) by incubating 50 ml of beads per 200 mg of protein at 4°C for 2 to 3 hours. The resulting pellet was collected by centrifugation at 2000g for 2 min, washed three times with lysis buffer, boiled in 2× NuPAGE LDS Sample Buffer (Invitrogen), and resolved by SDS-PAGE. Western blots were carried out as outlined above.
Mass spectrometry
Twelve million HEK293T cells in 15-cm dishes were transfected with 30 mg of pFN21A-FADD-HaloTag and Ctrl-HaloTag using FuGENE HD. Twentyfour hours after transfection, cells were scraped into DPBS (Dulbecco's phosphate-buffered saline), and cell pellets were frozen at −70°C for at least 20 min. Previously frozen cell pellets were lysed in Promega Mammalian Lysis Buffer supplemented with protease inhibitor cocktail (G65A). The cleared lysate was bound to the pre-equilibrated HaloLink resin for 15 min at room temperature. Resin-bound proteins were eluted with Promega SDS Elution Buffer (G651A). Samples were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
HaloTag-FADD and HaloTag control pulldown samples were analyzed and processed by MS Bioworks, LLC (Ann Arbor, Michigan). The samples were separated on a SDS-PAGE gel that was then Coomassie stained and cut into 10 fragments. Each gel piece was processed with the Progest Protein Digestion Station (Digilab). Briefly, gel slices were washed using 25 mM ammonium bicarbonate and acetonitrile, followed by reduction with 10 mM dithiothreitol, and alkylation with 50 mM iodoacetamide. Proteins were digested with trypsin (Promega) for 4h and digestion was quenched with formic acid. Gel digests were analyzed directly by nano LC-MS/MS with a NanoAcquity HPLC (Waters) interfaced with an Orbitrap Velos Pro (Thermo Scientific) tandem mass spectrometer. Digested peptides were loaded on a trapping column and eluted over a 75 mm analytical column packed with Jupiter Proteo Resin (Phenomenex) at 350 nl/min. The mass spectrometer was operated in data-dependent mode, with MS performed in the Orbitrap at 60.000 full width at half maximum (FWHM) resolution, and MS/MS performed in the LTQ. The 15 most abundant ions were selected for MS/MS. The data were searched with Mascot (Matrix Science) against the concatenated forward/decoy UniProt Human Database, and Mascot DAT files were visualized and filtered by Scaffold (Proteome Software). Data were filtered using a minimum protein value of 90%, a minimum peptide value of 50% (Protein and Peptide Prophet scores), and required at least two unique peptides per protein. Spectral counting was performed and normalized spectral abundance factors determined. Data were reported at less than 1% false discovery rate (FDR) at the protein level based on counting the number of forward and decoy matches.
Statistics
Differences between groups were assessed by an unpaired Student's t test. Results were declared statistically significant at the two-tailed 5% comparisonwise significance level (P < 0.05). All error bars represent SEM.
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